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Abstract 
The purpose of this study is development of a new design method for competitive swimwear by numerical 
simulation. Biaxial tensile loading tests were conducted to obtain the mechanical characteristics of competitive 
swimwear. The fabrics of competitive swimwear consist of chemical fiber. Therefore, the fabrics show anisotropic 
characteristics that depend on the fiber orientation angle. From biaxial tensile loading test results, the fabric has 
orthotropy and the stiffness of the fabric shows the graph like the two polygonal lines along with the increase of 
stretch. An anisotropic hyperelastic model was applied to the reproduction of mechanical characteristics of 
swimwear. The anisotropic hyperelastic model in this paper is able to adjust the axial and shear stiffness individually. 
The material parameters of the anisotropic hyperelastic model for the finite element simulation were determined from 
biaxial tensile loading test results. And then, finite element simulation of tensile loading tests was conducted to show 
the applicability of our design method to competitive swimwear. In finite element analysis, the bias of deformation 
and stress distribution by the anisotropy were reproduced. It is important to design the pressure given by stretch of 
competitive swimwear from the two viewpoints, the exercise performance and the burden to the heart function. We 
estimated the pressure caused by wearing competitive swimwear against the human body using a simple cylinder 
model.
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1. Introduction 
Present swimwear was designed to compress the human body by stretchable fabrics. Therefore the 
vibration of the body in water would be reduced. And then, the fluid resistance of swimwear would be 
decreased. The anisotropy of the swimwear fabrics should be considered to design the compression of 
swimwear. It is because the stiffness of swimwear fabric depends on the tensile direction.  
The pressure given by stretch of sportswear has been investigated from the two viewpoints, the 
exercise performance and the reduction of the body vibration. Aoki et al. indicated that a compression 
from 10 to 20 mmHg may have a good effect on the exercise performance over an extended period [1]. 
They also indicated that compression over 40 mmHg under continuing exercise shows not good effect, 
because of load to heart. Therefore it is important to design the pressure by compression of sportswear 
under 20 mmHg. 
The purpose of this study is to develop a new design method of competitive swimwear by numerical 
simulation. Therefor, the biaxial tensile loading tests were conducted to obtain the mechanical 
characteristics of competitive swimwear and an anisotropic hyperelastic model was introduced to 
reproduction of the mechanical characteristics of the swimwear. The material parameters of the 
anisotropic hyperelastic model for the finite element simulation were determined from biaxial tensile 
loading test results. And then, the finite element simulation of tensile loading tests was conducted to show 
the applicability of our method to the swimwear design. Finally, we estimated the pressure caused by 
wearing competitive swimwear against the human body using a simple cylinder model. 
2. Anisotropic hyperelastic model 
Mechanical property of hyperelastic model is characterized by the strain energy functionW . In this 
study, the following strain energy function of anisotropic hyperelastic model was introduced. 
aniiso WWW    (1)
where isoW  and aniW  are the isotropic part and the anisotropic part of the strain energy function, 
respectively. The second Piola-Kirchhoff stress tensor S  of anisotropic hyperelastic model is given by the 
partial differentiation of the strain energy function W  with respected to the right Cauchy-Green tensorC
which is defined as FFC  T .
C
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w
w W2   (2) 
The strain energy function W is represented in dependence of the following invariants ofC .
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Here, 1M  and 2M are structural tensors defined as aaM  1  and bbM  2  , respectively. 
Vectors a  and b  are the unit vectors which are oriented parallel to the warp and weft fibers.  
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The following Mooney-Rivlin model was introduced to the isotropic part of the strain energy 
function isoW  as 
    )1(33 2211  JpICICWiso   (4)
where 1C  and 2C  are material parameters and p  is  the hydrostatic pressure.  
For the anisotropic part of the strain energy function aniW , following function was introduced [2]. 
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where, 1212121 ,,,,,, KKKJJJJ dCCddCC  and 
2
Kd  are material parameters. The axial and share stiffness of 
this model is possible to adjust each other direction. 
3. Material tests 
3.1. Biaxial tensile loading test 
The material of this study is fabric which is made of chemical fiber, 73% of the material is nylon and 
27% is polyurethane. In addition, the material was designed to have high extensibility. 
The biaxial tensile loading tests were conducted to obtain the mechanical characteristics of competitive 
swimwear. The test machine was shown in Fig 1(a). The one sides of the specimen were fixed and tensile 
deformation was applied to another side. Size of the test specimen was 50 mm square and the thickness 
was 0.2 mm. The fiber orientation angle ș was assumed as the angle between the warp and tensile 
deformation. In order to consider anisotropy, the seven test specimens were applied to the biaxial tests. 
The angle ș of the seven test specimens were 0°, 15°, 30°, 45°, 60°, 75° and 90°. The speed of the tensile 
deformation was 1 mm/sec in all tests. 
From biaxial tensile loading test results, the fabric material has orthotropic mechanical characteristics 
and the stiffness shows the graph like the two polygonal lines along with the increase of stretch.  
Material parameters of the anisotropic hyperelastic model for the finite element simulation were 
determined from the biaxial tensile loading test results. The material parameters were identified by the 
relationships between nominal stress and stretch which were obtained from both experiments and 
theoretical solutions. The Levenberg-Marquardt algorithm for the least-square method was applied to 
identification of material parameters. The schema of this algorithm is described by 
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where iE  is material parameters and S  is stress and O  is stretch. 
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3.2. Measurement of  pressure 
Measurement of pressure caused by stretch of fabric is important to evaluate the performance of 
sportswear. Therefor the pressure by stretch of competitive swimwear was measured by acrylic cylinder. 
Size of the cylinder was 150 mm in diameter. Three kinds of pressure test specimens were prepared. The 
width of the test specimen was 150 mm and the circumference of the test specimen corresponded to 
nominal stretch of 1.2, 1.4 and 1.6 when placed to the cylinder of 150mm in diameter. The fiber 
orientation angle ș was assumed as the angle of directions between the warp and longer direction of 
cylinder. The angle ș of the specimen was 90°. The test equipment was shown in Fig 1(b). Pressure was 
measured by six sensors. 
From pressure test results, the pressure by stretch of competitive swimwear showed a linear increase 
with increase of the nominal stretch. Competitive swimwear is usually worn in 1.5 times stretch. The 
stretch of swimwear was slightly high compared to 20 mmHg. 
Fig. 1. (a) Biaxial tensile loading machine; (b) Pressure test equipment 
4. Numerical analysis 
4.1. FE simulation of tensile loading test 
The finite element simulation of tensile loading tests was conducted to show the applicability of our 
method to the design of swimwear. FE model for representation of tensile loading test was shown in Fig 2. 
The top and bottom surface, and both side ends were constrained and tensile deformation was applied to 
the top surface in the simulation. The FE simulation code was developed using the total-Lagrange method 
and kinematic-nonlinearly in large deformation was considered. 
Relationships between nominal stress and stretch were shown in Fig 3(a) and Fig 3(b) with 
experimental results. The fiber orientation angle ș in Fig 3(a) are 0°, 15°, 30° and 45°. In addition, the 
fiber orientation angle ș in Fig 3(b) are 45°, 60°, 75° and 90°. The results of the simulation showed good 
agreement with that of tensile loading test. 
Load cell 
Load cell Pressure sensor 
Acrylic cylinder Fabric specimen 
Diameter = 150 mm 
150m
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Fig. 2. FE model for tensile loading test (14×14×2 elements) 
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(a) ș =0°, 15°, 30°, 45°; (b) ș =45°, 60°, 75°, 90° 
Fig. 3. Comparison with biaxial tensile loading test and FE simulation by nominal stress 
4.2. FE simulation of cylinder model 
Finite element simulation of cylinder model was conducted to calculate the pressure by stretch of 
swimwear. FE model of cylinder was shown in Fig 4(a). In addition, pressure test was shown in Fig 4(b) 
to compare these states. The width of the cylinder model was 150 mm and the final diameter was 150 mm. 
The inner surface was constrained and radial extended deformation was applied to the inner surface in the 
simulation. 
Relationship between pressure and nominal stretch was shown in Fig 5 with experimental results. 
Result of the simulation was in good agreement with the experiment results at large stretch. However, the 
result of the simulation was not in good agreement with the experiment results at small stretch. The 
measurement of the pressure may be not accurate at small stretch because the six pressure sensors didn’t 
show nearly equal when calibration was conducted by test weight. Therefore, the result of the simulation 
would show better agreement with that of the experiment by better calibration. 
50mm 
50m
m
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Fig. 4. (a) FE simulation of radial extension (36×3×2 elements); (b) Pressure test 
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Fig. 5. Comparison with experiment and FE simulation 
5. Conclusion 
For the design of the pressure given by swimwear, we propose a design method by using FE 
simulation. The FE simulation shows good agreement with experimental results. It is possible to design 
competitive swimwear based on engineering basis by using these simulations. 
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